ABSTRACT: The vector of Chagas disease, Triatoma infestans, is largely controlled by the household application of pyrethroid insecticides. Because effective, large-scale insecticide application is costly and necessitates numerous trained personnel, alternative control techniques are badly needed. We compared the residual effect of organophosphate-based insecticidal paint (Inesfly 5A IGR™ (I5A)) to standard deltamethrin, and a negative control, against T. infestans in a simulated natural environment. We evaluated mortality, knockdown, and ability to take a blood meal among 5 th instar nymphs.
INTRODUCTION
Endemic regions in South America have relied on vector control for decades to reduce the incidence of Chagas disease (Dias et al. 2002 , Lannes-Vierira et al. 2010 . The focus has primarily been to eliminate triatomines from human living spaces to reduce human-vector contact and thus the potential transmission of Trypanosoma cruzi to humans. A significant reduction in the rate of household infestation by domestic triatomines leads to a rapid decrease in the frequency of acute cases of Chagas disease (Souza et al. 1984 , Dias and Schofield 1999 , Dias 2000 , Dias et al. 2002 , WHO 2009 ). Vector control may also indirectly contribute to reductions in congenital and transfusion-mediated T. cruzi transmission (Wendel 1997 , Dias and Schofield 1999 , Dias et al. 2002 .
The current vector control strategy for Triatoma infestans, the principal vector of Chagas disease in South America, relies on large-scale indoor residual spray (IRS) campaigns using pyrethroid insecticides. Although these campaigns are vertically managed, they are often too expensive for limited disease control budgets. There is a great need for the development of vector control strategies that could be carried out by members of the community themselves (Woody and Woody 1955 , Kroeger et al. 1995 , Kroeger et al. 1997 , Kroeger et al. 1999 , Cecere et al. 2002 , Herber and Kroeger 2003 , Gentile et al. 2004 , Reithinger et al. 2005 , Reithinger et al. 2006 , Levy et al. 2008 , Amelotti et al. 2009 , Gurtler et al. 2009 ).
Insecticidal house paint is one option that has surfaced in recent years as a potential alternative to IRS. Amelotti and colleagues (2009) tested several formulations of insecticidal paint made by Inesfly TM on T. infestans. The investigators report that, in laboratory conditions, 100% of T. infestans placed in direct contact with Inesfly 5A IGR TM (I5A) painted surfaces died. This effect lasted up to one year after the first application.
Here we describe an evaluation of the effects of I5A insecticidal paint on T. infestans in a simulated natural environment. Our experiments addressed two objectives: 1) To compare the effectiveness of I5A relative to the standard treatment of deltamethrin and no treatment (control); and 2) to quantify the residual effect of I5A on nymphal mortality, knockdown, and the ability to obtain a blood meal.
METHODS AND MATERIALS

Insecticidal paint
I5A is a vinyl paint with an aqueous base. It contains three insecticides: diazinon (1.5%), chlorpyrifos (1.5%), and pyriproxyfen (0.063%) (Juvenile Growth Analogue, JGA). The active ingredients reside in CaCO+ resin microcapsules. The microcapsules have an active nucleus that is surrounded by a thin frame polymer that contains the active ingredients and pigments. The microcapsules allow for the gradual release of insecticides, which presumably increases duration of effectiveness and reduces the unwanted toxicity of the insecticides (Amelotti et al. 2009 ).
Setting and insects
The study was conducted between November, 2009 and June, 2010 at the University of Pennsylvania/Universidad Peruana Cayetano Heredia Chagas Control Laboratory (Arequipa, Peru). Fifth instar T. infestans nymphs used in the experiments were from the UNSA strain. The UNSA strain was originally derived from field-collected samples from the district of Hunter, Arequipa, in 1973, prior to any insecticide application campaigns in the region. The strain has been used for years to evaluate the effectiveness of insecticide application and is consistently susceptible to deltamethrin (Maloney et al. 2011) . Each insect used was partially starved, meaning that it was either a 1 or 2 on Montenegro's Qualitative Feeding Scale (Montenegro 1983) . All the insects used had molted two weeks prior to the initiation of the experiment. Throughout the experiment, the nymphs were kept under general temperature conditions in the area temperatures (19.8-27.5° C) and humidity (18.7-79.3%).
Setting
Three treatment settings were included in the experimental design. Each setting consisted of a separate glass aquarium measuring 150 cm x 55 cm x 50 cm (L x W x H). Each aquarium had a removable concrete floor to which the treatment was applied. One aquarium floor was painted with I5A insecticidal paint at a concentration of 320.8 g/m 2 . The insecticidal paint contained diazinon (1.5%), chlorpyrifos (1.5%), and pyriproxyfen (0.063%). To maintain natural field settings, no attempt was made to control the applied dose; a single coat of paint was applied with a paintbrush. The second floor was treated with Bayer TM 's K-Othrine deltamethrin wettable powder, diluted in water and applied using a Hudson X-Pert compression sprayer at a target dose rate of 25 mg/m 2 . The third floor was left untreated. On each floor, a 15 cm-wide section across one end of the floor was marked and left untreated. After treatment, each floor was allowed to dry for 24 h. In the untreated area, three stacked bricks were placed to provide a chemical-free refuge for T. infestans triatomines. Opposite the untreated section in each setting, a wire cage was placed with two 400-500 g guinea pigs (Cavia porcellus) inside. The aquaria and experimental design are shown in the diagram in Figure 1 . Guinea pigs were fed concentrated pellets, water, and alfalfa ad libitum throughout the experiment. Tulane University provided IACUC approval for the experiment.
Experimental design
Fifteen 5 th instar nymphs were individually coded and placed on the brick habitat. Feeding status for each nymph was measured on days 0, 1, 3, 7, and 14 with day 0 representing the day the nymphs were placed in the aquarium. At each time point the nymphs' status was classified as alive, knocked-down, or dead. We defined "knocked-down" as an insect heavily impaired and unable to walk in a coordinated fashion (Palomino et al. 2005 , Palomino et al. 2007 ). On day 14, all nymphs were removed and observed for three days in a chemical-free setting. The experiment was first performed 24 h following insecticide application, and replicated at months 1, 3, 6, 9, and 12. All materials were stored in the experiment room, which closely mimicked the conditions of houses in infested areas of Arequipa. Using a second set of treated floors, the full experiment was repeated twice at each time period. In total, there were two experiments per treatment setting at each time period.
Nymphal mortality and blood meals were our response variables. Each nymph was considered to have successfully obtained a blood meal if it was classified as a 3 or 4 according to Montenegro's Qualitative Feeding Scale (Montenegro 1983) . To compare overall mortality and feeding between treatment settings, the observations from both replicate experiments at 24 h, 1, 3, 6, 9, and 12 months were pooled. Cox proportional hazards rates (HR) were used to assess the odds of mortality and feeding over the course of the first 14 days of the experiment, controlling for the length of time since the treatment was applied. Within each treatment group, a two-sided Fisher's exact test was used to compare the mortality, knockdown, and feeding each month after the first 14 days of the experiment. Analyses were performed using STATA 10.0 SE (StataCorp, College Station, TX).
RESULTS
Mortality in insects exposed to I5A-treated surfaces was significantly greater than that in insects exposed to deltamethrin (HR = 3.26, 95%, p < 0.01) and control surfaces (HR = 20.22, 95%, p < 0.01). However, significantly fewer nymphs crossed the deltamethrin-treated surface and successfully obtained a blood meal compared to nymphs exposed to both the I5A (HR = 0.47, 95%, p < 0.01) and control surfaces (HR = 0.28, 95%, p < 0.01). Figure 2A shows the percent of nymphs that died, were knocked down, or remained alive at each month, stratified by treatment setting. Up until nine months after application, mortality among nymphs in the I5A setting was consistently higher than that in the deltamethrin setting (p < 0.01 for all time points). However, by month 12, mortality among nymphs in the I5A setting was essentially equal to that in the deltamethrin setting (p < 0.20). The residual efficacy of deltamethrin in terms of mortality was similar throughout the 12 months (p < 0.24). At months 3, 6, and 9 after application, the I5A treatment left more insects knocked-down or dead compared to deltamethrin (p < 0.05 in all instances). By month 12, both I5A and deltamethrin performed similarly in terms of mortality (p < 0.20). Figure 2B shows the percent of nymphs that obtained a blood meal at each time period, stratified by treatment setting. The residual efficacy for blood meal obtainment for I5A throughout the 12 months was equal to or better than at month 0. Early in the experiment (24 h through one month following application), more nymphs in the I5A setting obtained a blood meal than nymphs in the deltamethrin setting (p<0.01). However, after month 3, I5A and deltamethrin performed similarly in terms of preventing blood meal obtainment (p > 0.05 in all instances). At all time periods, both the deltamethrin and I5A performed better than the control group in terms of increased mortality and reduced blood meal obtainment.
DISCUSSION
Here we demonstrate that insecticidal paint I5A applied between the refuge of a T. infestans nymph and its potential blood meal is equally effective, or more effective, at killing T. infestans than the standard treatment of deltamethrin. These results were consistent for up to nine months following the initial application. Our findings can be attributed to two factors: excito-repellency and neurotoxicity. Deltamethrin has a well-documented repellant effect on triatomines (Wood et al. 1993 , Diotaiuti et al. 2000 . Triatomines may have been less willing to leave their refuge and cross the deltamethrin to obtain a blood meal than the I5A, the active ingredients of which are organophosphates that are not known to have an excito-repellent effect on insects (Mosqueira et al. 2010a,b) . Deltamethrin is also a known contact neurotoxin and may affect T. infestans more rapidly or differently than the organophosphates in the I5A.
The death rates observed in this study were consistently lower than the death rates observed by Amelotti et al. (2009) who used controlled laboratory experiments to test I5A on T. infestans mortality. Previous research shows that the surface on which insecticide is placed, as well as the environmental conditions the insecticide is exposed to, impact its effectiveness (Penna et al. 1985 , Rojas de Arias et al. 1999 , Rojas de Arias et al. 2003 . In the experiments of Amelotti et al. (2009) , one year after application, 97% of insects placed in direct contact with a concrete tile painted with I5A diluted in water (50%) died within 24 h. In our experiment, which more closely mimics natural conditions, triatomines were never forced to come into contact with the treated surface and likely were in contact with the paint for less than 24 h.
Our study had several limitations. At month three, structural problems in the experiment room delayed data collection of the second repetition by ten days. Despite the delay, nymphs in the second repetition did not experience lower mortality or higher blood meal obtainment as compared to nymphs in the first repetition. We were only able to perform the experiment with 5 th instar nymphs and could not assess the effect of I5A on adult insects, where it may be the most important in terms of influencing transmission dynamics. Finally, the semi-field system was Field tests over longer periods of time are needed to more conclusively describe the impact of insecticidal paint on domestic and peri-domestic insect populations, the effects of the paint on T. cruzi transmission, and the implications of insecticidal house paint for other vectorborne diseases. Currently, the effectiveness of insecticidal house paints is being tested on a variety of disease-causing insects including vectors of lymphatic filariasis (Mosqueira et al. 2010a) , Chagas disease (Dias and Jemmio 2008 , Amelotti et al. 2009 , Alarico et al. 2009 ), and malaria (Mosqueira et al. 2010b) . Paints are also being tested on several nuisance insects, such as red palm weevil (Llacer et al. 2010 ) and the common Argentine ant (Blasco et al. 2010) . Since many insecticides work well at targeting a variety of vector and nuisance insects and could be mixed with paint, insecticidal paint may be one way that residents living in areas with multiple disease vectors could be proactive in reducing their risk of several diseases in a sustainable manner.
